Very few absolute palaeointensity data exist from Holocene-aged rocks in New Zealand. Here we present a new suite of high-quality palaeointensities, supported by detailed rock magnetic investigations. Samples from 23 sites representing 10 distinct eruptive units of the Tongariro Volcanic Centre, Taupo Volcanic Zone, New Zealand, were studied. Both traditional double heating and microwave palaeointensity methods were employed. The reliability of the palaeointensity data varies with rock magnetic properties of the samples, corresponding, in particular, to their positions within the lava flows. The highest success rates are from samples obtained from near the flow tops where a significant proportion of the remanence unblocked at intermediate temperatures • C). By contrast, samples from flow centres, particularly the parts showing platey fracturing, have the lowest success rates. Reliable, high-quality palaeointensity results ranging from 32.4 ± 5.1 µT to 72.1 ± 4.7 µT were obtained from six flows with ages between c. 12 800 yr BP and the present. These correspond to virtual dipole moments that increase from 52 ± 10 ZAm 2 in the early Holocene and peak at 112 ± 14 ZAm 2 about 300 yr ago. The data agree well with calibrated relative palaeointensities from New Zealand lake sediments. The volcanic and sedimentary data together yield a Holocene virtual axial dipole moment curve that fits the global average variation well in the early Holocene, but which differs significantly in recent millennia. This difference is associated with recent migration of the southern high latitude core-mantle boundary flux lobe towards New Zealand, as is seen in global field models.
I N T RO D U C T I O N
The thermoremanent magnetization (TRM) acquired by lava flows during cooling provides a unique opportunity of obtaining instantaneous and absolute records of geomagnetic palaeointensity beyond times of direct observation. Compilations of intensity records give estimates of variations in Earth's dipole moment throughout time and thus yield important information about the dynamics of Earth's core (e.g. Olson 2002) . In order to obtain a reliable record of the global dipole moment, well distributed datasets are required. The detrital remanent magnetization recorded by lacustrine and marine sediments, on the other hand, provide continuous smoothed records of Earth's magnetic field through time. They are often well-dated, and existing sedimentary records have a better global coverage than volcanic datasets, making them particularly valuable for integration into models of field variation through time. However, they provide relative palaeointensity data only and rely on calibration to absolute values obtained from other sources, such as volcanic materials.
Global models of Earth's magnetic field (e.g. Nilsson et al. 2014; Pavón-Carrasco et al. 2014; Constable et al. 2016) are based disproportionately on absolute palaeointensity data from the northern hemisphere. Further, data quality is strongly affected by differences in the sampling and experimental procedures, the criteria used to select 'successful' data (e.g. Donadini et al. 2006; Knudsen et al. 2008) and limitations in the age constraints provided (e.g. Greve & Turner 2017 ). The stepwise double-heating palaeointensity method has grown from the pioneering work of Koenigsberger (1938) and Thellier & Thellier (1959) , and its modifications are still considered by many to be the most reliable method of estimating absolute palaeointensities from natural TRM-bearing materials (Selkin & Tauxe 2000) . It is based on the assumption of a linear relationship between a natural TRM and a laboratory-induced TRM. In practice the NRM is replaced stepwise by a laboratory-induced partial TRM (pTRM) while exposing the samples to higher temperature with each step. For the linear relation to be valid, the primary remanence carrier should be of single domain (SD) size (e.g. Levi 1977;  Palaeointensities from TgVC lavas 837 Riisager & Riisager 2001) and of a thermally stable composition so that the ability to obtain a TRM does not change during an experiment. Neither of these requirements is easy to satisfy. First, the grain sizes found throughout subaerial lava flows are usually within the pseudo-single domain (PSD) or multidomain (MD) grain range (Dunlop &Özdemir 1997) . Second, the main remanence carriers in intermediate composition lava flows usually belong to the Fe-Ti-oxide ternary system, which includes titanomagnetites and their oxidation products. Within this system equilibrium temperatures and oxygen fugacities control the compositions of coexisting spinel [magnetite (mt)-ulvöspinel (ulv)] and orthorhombic [hematite (hem)-ilmenite (ilm)] phases (e.g. Sauerzapf et al. 2008) . Rapid cooling or quenching of lava often results in the formation of solid solutions that are metastable at low temperature, and that evolve towards equilibrium composition when reheated during palaeointensity or thermomagnetic experiments. Such alteration affects a sample's ability to carry TRM and can therefore result in significant error in the palaeointensity calculation. The microwave technique (Hill & Shaw 2000; Suttie et al. 2010 ) was designed to minimize alteration by exciting the magnetic moments of the ferro-/ferrimagnetic grains using energetic microwaves instead of a heating procedure, while otherwise using a procedure similar to that used for thermal palaeointensity determination.
In this paper we present the results of detailed magnetomineralogical and palaeointensity studies using both traditional Thellier-type double heating and microwave palaeointensity methods, on intermediate composition lavas younger than 15 ka from Ruapehu and Tongariro volcanoes in the central North Island, New Zealand. Similarities in the overall mineralogy of individual flows and sampling throughout their thickness allows us to draw conclusions regarding the suitability of different zones within the lava flows for palaeointensity determination as well as providing much needed Southern Hemisphere palaeointensity data.
S A M P L E S
The Tongariro Volcanic Centre (TgVC) is a complex of several andesitic to dacitic composite volcanoes, located at the southern extremity of the Taupo Volcanic Zone, with effusive activity extending back at least 350 kyr (Tost & Cronin 2015) and lasting into recent centuries (e.g. Hobden et al. 1996; Gamble et al. 2003; Eaves et al. 2015; Conway et al. 2016; Greve et al. 2016) . Holocene eruptive activity around Ruapehu volcano was dominated by a voluminous pulse of activity lasting more than 1000 yr following a major sector collapse event at c. 10.5 ka (Eaves et al. 2015; Conway et al. 2016) , while only a few effusive lava producing eruptions have occurred since 5 ky BP. In contrast, around Mt Tongariro, effusive activity has occurred throughout the past few centuries (Hobden et al. 1996 (Hobden et al. , 2002 Hobden 1997; Greve et al. 2016) .
The palaeosecular variation study described in Greve et al. (2016) involved detailed sampling of 12 post-glacial andesitic flows or flow packages from the TgVC of which 11 were located around Ruapehu volcano. The sampling was carried out in conjunction with a geological mapping programme on Ruapehu volcano (Townsend et al., in preparation; Fig. 1) . In this paper we describe palaeointensity experiments on ten units for which palaeomagnetic directions were previously obtained ( Fig. 1 ; Greve et al. 2016) . Each flow is known to be of post-glacial age (<15 ka) due to its position within glacial moraines and millennial scale age-control from 40 Ar/ 39 Ar data or tephra bracketing. Greve et al. (2016) further refined these ages by matching the individual palaeomagnetic directions with the continuous palaeosecular variation (PSV) record of Turner et al. (2015) , for which a highresolution, radiocarbon based age model is available. Descriptions of the individual flows are summarized in Table 1 . Full sampling details and directional results are described in Greve et al. (2016) .
The morphology and exposure of the individual flows varies widely (Table 1) . Similarities were however identified between the fracture patterns of the generally thick (>5 m) andesitic flows around Mt Ruapehu which we subdivide into four zones (Fig. 2) . Zone A is the basal part, which is not often exposed; zone B corresponds to the flow centre, which is characterized by strong subhorizontal, platey fracturing, produced during cooling. This is overlain by the blocky and often vertically jointed zone C. Where not eroded, the flows are capped by strongly auto-brecciated or a'a flow tops (zone D). Where possible, lava flows were sampled at multiple sites along their length and through their thickness. A full sequence through all four zones was exposed and sampled only at one locality (WE flow, Table 1 ).
Collection of drilled samples was often hindered by the hardness of the andesites, and so additional hand samples were collected. These were usually removed from the outcrop after marking the strike and dip on an exposed flat surface, and later drilled with a vertical drill-press in the laboratory. Flat surfaces were not easy to find on the brecciated surface of a'a flow top and some hand samples were either poorly oriented or un-oriented. While such samples were not included in the directional study of Greve et al. (2016) , some were used for palaeointensity experiments and, in Table 3 , their results are marked accordingly.
M A G N E T I C M I N E R A L O G Y A N D RO C K M A G N E T I S M

Methods
Mineral-optical investigations, including transmitted and reflected light microscopy and electron microprobing were conducted at the School of Geography, Environment and Earth Sciences at Victoria University of Wellington. Polished thin sections were coated with a thin carbon film prior to electron microprobe analysis. Petrographic imaging was carried out using an Olympus BX51 research microscope with a maximum magnification of 400x. Backscatter electron (BSE) imaging and wavelength dispersive x-ray spectroscopy (WDX) were conducted on a selection of samples using a JEOL JXA-8230 scanning electron microprobe.
Detailed rock magnetic experiments were conducted at the palaeomagnetism laboratory at the University of Liverpool. A Variable Field Translation Balance (VFTB) was used for successive measurement of isothermal remanent magnetization (IRM) acquisition, backfield coercivity of remanence, hysteresis and variation of saturation magnetization with temperature (M s versus T) using a peak field of 800 mT and to a peak temperature of 700
• C in ambient atmosphere. Low-field magnetic susceptibility (χ versus T) was measured in an inert argon environment, cycling the samples from room temperature to a peak temperature of 700
• C and back, using an AGICO MFK1-FA Kappa Bridge.
Petrographic description, microscopy and BSE imaging
All Ruapehu lava flows targeted in this study share similarities in composition (Price et al. 2012; Conway et al. 2016) Greve et al. 2016) . Approximately 12 km north of Ruapehu, and 3 km southwest of site CC is the young cone of Mt Ngauruhoe, and about 3 km north of this the summit of Tongariro. Approximately 15 km further north are the peaks of Pihanga and Kakaramea, which are also considered part of the TgVC. The postglacial lava flows on Mt Ruapehu (Whakapapa Formation) are shaded brown. Palaeomagnetic sampling sites of Greve et al. (2016) are shown as stars: sites for which 40 Ar/ 39 Ar ages are available are shown in red, others in blue. The initial two letters of the site names denote the flow or sequence of flows. No palaeointensity experiments were conducted on Saddle Cone (SC) flows. Inset: location of the TgVC at the southern tip of the Taupo Volcanic Zone (TVZ) in the North Island, New Zealand. Base map information from Land Information New Zealand (LINZ). magnetic behaviour. Central Crater (CC) flow is the only unit sampled from a different cone, Red Crater. It is of more mafic composition and different morphology (Table 1) . CC samples are basaltic andesites [Phenocrysts: plagioclase (plag), orthopyroxene (opx), clinopyroxene (cpx), olivine (ol) and isolated oxides at the submicron scale]. They contain a quenched glassy matrix with isolated brown glass with c. 30 per cent vesicle space (flow-top samples; e.g. sample CC06A, Fig. 3a) . The samples from the Ruapehu flows are porphyritic andesites with a phenocryst (mainly plag, some opx and cpx) abundance of 30-50 per cent in a microcrystalline matrix consisting of mostly elongated plagioclase grains [e.g. Mangaturuturu (MT) flow sample MT05A Fig. 3b ]. Fe-Ti oxides are usually anhedral and are present in accessory proportions (1 per cent or less) of the total rock mass. They appear either as microphenocrysts with grain sizes ranging up to 200 µm, inclusions in pyroxenes or as microcrystals in the groundmass. Patches of low-temperature mineral alteration were identified only in thin sections from Whakapapaiti A (WPA) and Skyline Ridge (GR) flows (Fig. 3d) .
BSE imaging on all samples from the Ruapehu lavas, shows that the Fe-Ti oxides exist either as homogeneous grains or as lamellar intergrowths of a highly reflective component and a less reflective component which we interpret as titanomagnetite (Fe 3−x Ti x O 4 ) and ilmenite (FeTiO 3 ) or low Ti titanohematies (Fe 2−y Ti y O 3 ) respectively, corresponding to oxidation indices 1-3 as defined by Watkins & Haggerty (1968) . Within the visible range, the lamellae have a width of 4-10 µm and are either cross-hatched or parallel [e.g. samples from Whangaehu (WE) and Delta Corner (DC) flows, Figs 3e and f] and we suggest that they formed by progressive oxidation-exsolution caused by a shift in the equilibrium composition after formation of the primary mineral phases. WDX analysis conducted on isolated phenocrysts of titanomagnetite grains of the Ruapehu lavas reveals little compositional variability. The Age (ka) based on a) 40 Ar/ 39 Ar dates , b) tephrochronology (Topping, 1974; Hobden, 1997; Lowe et al., 2013) , c) morphology. Pmag Age: Refined palaeomagnetic emplacement ages (Greve et al, 2016) 3. Lat, Long are the latitude and longitude of the sampling location, respectively. Pmag direction: Palaeomagnetic direction: Dec = declination, Inc = inclination, N is total number of samples included in palaeodirection average. * CC flow: Direction calculated from four site mean directions.
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A. Greve et al. magnetite-ulvöspinel mixing factor x , calculated from the cation analyses following the procedures of Stormer (1983) , ranges in value from 0.19 to 0.53 (19-53 per cent, Table 2 ).
Rock and thermomagnetic behaviour
The petrographic analyses described in Section 3.2 suggest that the magnetic minerals in samples from all sites and flows consist primarily of titanomagnetites or titanohematites/ilmenites with low to moderate oxidation states (indices 1 to 3 after Watkins & Haggerty 1968) . The rock and thermomagnetic properties agree well with this observation (Greve et al. 2016) . Fig. 4 shows the results of rock magnetic experiments. Isothermal remanent magnetization (IRM) acquisition and backfield coercivity of remanence curves of samples from all flows strongly resemble each other. The IRM curves saturate at applied fields below 250 mT and require backfields, B cr , between 15 and 30 mT to demagnetize samples thereafter, as would be expected if the magnetic remanence is primarily carried by titanomagnetites of varying grainsize (Fig. 4a ). Hysteresis loops of most samples show magnetic coercivities, B c , between 5 and 15 mT ( Fig. 4b ): only samples from CC and Bruce Road (RP) flows yield higher coercivities, up to 30 mT (Fig. 4c ). The ratios of saturation remanent magnetization (M rs ) to saturation magnetization (M s ) and coercivity of remanence (B cr ) to coercivity (B c ) fall into the range of values expected for PSD grains as defined by Day et al. (1977) and Dunlop (2002) . However, based on the wide variation of grain sizes observed during mineral-optical analyses we suggest that these ratios are more likely to represent averages across spectra of coercivities. Samples from each flow follow trends in M rs /M s versus B c ( Fig. 4c ) and the coercivities measured on samples from WE flow differ significantly with position in the flow: flow centre (zone B, site WE02) samples yield coercivities approximately twice as high as a sample from the flow top (zone D, site WE03). It is unlikely that the average composition of the remanence carriers differs throughout a flow, and it thus suggests that the samples from zone B have a smaller magnetic grain size. Differences between zones through the thickness of individual lava flows were also noted during the thermomagnetic experiments. Greve et al. (2016) distinguish between five different thermomagnetic curve types, which are summarized in Table 2 (see also Figs 2b-e). Type 1 behaviour is unique to samples from CC flow and shows increased mineral alteration on heating in an ambient atmosphere (M s versus T experiments), as compared with heating experiments conducted in an inert, argon atmosphere (χ versus T experiments) ( Table 2 ). In contrast, curve types 2 to 5, found in andesitic samples from Ruapehu, primarily differ in terms of their Curie temperature distribution and reversibility.
Each curve type indicates the presence of least one of four compositional phases identified in this study, similar to those also found in other studies of basic to intermediate composition lavas (e.g. Calvo et al. 2002; Biggin et al. 2007a ): P1 (150
• C) appears only in the near-reversible type 2 curves which we found from flow top samples (zone D), such as those sampled at Rangataua (RT, all sites) and WE (site WE03) lava flows (Fig. 2b) . In contrast, the intermediate T c phases (P2: 250
• C ≤ T c ≤ 320
• C and P3: 320
• C ≤ T c ≤ 450
• C) are observed in most samples but dominate in the irreversible type 3 and type 4 curves (Figs 2c and d), mostly obtained from samples from zones A and C (sites WE01,WE04, DC01-02, RP01-02, TF02-03, WPA02-03). Samples exhibiting type 3 or type 4 curves alter upon heating to temperatures higher than 400
• C, with a shift in T c that is dependent on the peak temperature (Fig. 2c) . Phase P4 dominates in the near reversible type 5 curves, typically abundant in samples from zone B (sites • C, samples from zone B (type 5 curves) are dominated by the high T c phase P4. With the onset of thermochemical alteration at temperatures as low as 350
• C, below the major part of the blocking temperature spectrum of such samples, type 5 samples are thus less suitable for palaeointensity determination.
Quantitative analyses on titanomagnetite crystals from all Ruapehu flows give us a mixing factor, x between 0.19 and 0.53, which is compatible with the Curie temperatures of compositional phases P1, P2 and P3 (150 Table 2 ). In contrast, in order to account for a T c > 500
• C (phase P4) a near endmember composition, low Ti-titanomagnetite would be required (x < 0.2). This mixing factor is beyond the range of compositions identified during WDX analyses, suggesting the presence of low Ti-titanomagnetite phases with effective magnetic grain sizes that are smaller than the minimum resolution of the electron microprobe (<5 µm).
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A. Greve et al. Table 2 . Thermomagnetic curve characteristics and their occurrence on the zone within lava flows sampled. Also displayed are the ulvöspinel mixing coefficients x (in ranges) for synthetic titanomagnetites showing a similar T c , and values calculated from wavelength dispersive analysis (WDX) on samples from the relevant zones in this study. We suggest that the presence of multiple compositional phases is the result of differing cooling rates throughout the andesitic flows sampled. The cooling, degassing and crystallization processes during and after emplacement of the lava flows may have caused a shift of the equilibrium composition within the spinel-orthorhombic system described by the Fe-Ti oxides (e.g. Sauerzapf et al. 2008) . While quenching of the lava on the flow top preserved titanomagnetites close to their primary state (e.g. oxidation index 1 or 2, after Watkins & Haggerty 1968) , cooling within the flow centre may have lasted up to weeks (Sigurdsson 2000) . This would have allowed the titanomagnetites to undergo subsolidus exsolution, or the growth of sub-micron sized titanomagnetites within the rock matrix.
PA L A E O I N T E N S I T Y 4.1 Methods
Up to ten standard sized specimens from each site were prepared for palaeointensity experimentation. Specimens were grouped according to their blocking temperature spectra, known from previous demagnetization experiments (Greve et al. 2016 ) and palaeointensity experiments were designed correspondingly. First palaeointensity experiments were carried out using the IZZI protocol (Tauxe & Staudigel 2004 ) and additional Coe-type (Coe 1967 ) experiments were conducted on specimens from sites that showed promising results during the first suite of experiments. Partial thermal remanent magnetization (pTRM) checks were carried out to monitor alteration and additionally all thermal experiments were accompanied by low field susceptibility checks using a Bartington MS2 instrument in order to monitor mineral alteration. Furthermore, during Coe-type experiments we conducted a tail check (Riisager & Riisager 2001 ) following every second in-field step to monitor MD effects. Thermal palaeointensity experiments were carried out using either a Magnetic Measurements Ltd slow or fast cooling oven for thermal de-and remagnetization and measured using an AGICO JR6 magnetometer at the University of Liverpool and an AGICO JR6A at Victoria University of Wellington. Prior to commencing the in-field steps, a profile of the total field strength along the oven was measured using a fluxgate magnetometer. The samples were placed within the most uniform (maximum field variation 1 per cent) space in the centre of the oven and each temperature was held for 30 min. The cooling times from temperatures between 300 and 600
• C to near room temperature were approximately 30 min in the fast cooling, and up to 2 hr in the slow cooling oven. A first suite of experiments was conducted using a laboratory field of 30 µT and later experiments in a field of 50 µT. Because the laboratory field could only be applied along the core-axis, the specimens were placed in the oven so that, alternating between specimens, the field was applied either parallel or antiparallel to the z-axis. Additionally, some palaeointensity experiments were aborted when the onset of thermal alteration became apparent from the susceptibility measurements.
Microwave palaeointensity experiments were carried out using the 14 GHz system at the University of Liverpool (see e.g. Stark et al. 2010) . The technique uses ferromagnetic resonance (FMR) to excite the magnetic moments of the grains rather than heating the bulk sample but otherwise follows similar stepwise experimental procedures to the thermal experiments (Hill & Shaw 1999 , 2000 . For comparison, microwave experiments were carried out using similar protocols and, where possible, on specimens from the same samples as those used for thermal experiments. The field was always applied along the z-axis of the individual samples analogous to the thermal experiments. The sample size and positioning within the cavity varied slightly and the exact frequency (range 14.0-14.5 GHz) was fine-tuned prior to each experiment in order to achieve maximum absorption rates. The parameter affecting the demagnetization level is the total energy absorbed by a sample, which is a function of the power and exposure time of microwaves. Slight variation of the energy absorption can be caused by movement of a sample within the cavity and/or mineral alteration (Suttie et al. 2010) . Repeatability of individual steps is a prerequisite for both Coe and IZZI protocols and differences were usually <3 per cent. We rejected or repeated steps where the absorption varied by more than 10 per cent from the first step at a given power level. The applied power was generally increased from a starting value of 10 W in steps between 2 and 5 W, with an exposure time of 5 s. If samples required further treatment after reaching 30 W the exposure time was increased in increments of 2 s. In contrast to the thermal experiments, microwave experiments were conducted on one specimen at a time, which enabled us to adjust the power increments according to the behaviour of the individual specimens. Prior to each intensity experiment we conducted a rapid demagnetization experiment on a test specimen from each sample to design suitable power steps and eliminate samples with strong overprinting.
All palaeointensity data in this study were analysed using ThellierTool v4.22 (Leonhardt et al. 2004a) . The software internal default criteria sets TTA and the less stringent TTB quantify the quality of the slope calculated from an Arai plot, pTRM and tail checks. We adopted these selection criteria but implemented small modifications as suggested by Paterson et al. (2014) , here referred to as TTA * and TTB * :
(1) The zero-field remanence measurement should show straight line decay to the origin of a vector component (Zijderveld) plot. The anchored fit should make an angle, α, no larger than 15
• with the free floating fit, and yield a maximum angular deviation (MAD anc ) smaller than 6
• or 15
• to pass TTA * and TTB * , respectively. (2) Palaeointensity estimates should be calculated from at least five data points and include at least 35 per cent of the total NRM (f ≥ 0.35) for both TTA * and TTB * . (3) The quality of the slope fit in the Arai-diagram (β) is quantified using the standard error of the slope normalized by the absolute value of the slope. β ≤ 0.1 to pass TTA * and β ≤ 0.15 to pass TTB * . The quality factor, q = fgβ −1 , should be ≥ 5 to pass TTA * and ≥ 0 to pass TTB * , where g is the gap factor of Coe et al. (1978) . (4) The maximum absolute difference produced by a pTRM check is calculated by vector subtraction and divided by the total TRM, dCK ≤ 7 per cent and dCK ≤ 9 per cent to pass TTA * and TTB * , respectively. The cumulative pTRM check failure (dpal) is quantified from the difference between the slope of an uncorrected palaeointensity estimate and the slope, corrected by the added effect of the alteration (see Valet et al. 1996) , normalized by the uncorrected slope: dpal = 100
where b is the uncorrected and b * the corrected slope. dpal ≤ 10 per cent (TTA * ), dpal ≤ 18 per cent (TTB * ). (5) Tail checks (included as part of the Coe protocol) are quantified using the maximum difference between a zero-field measurement and a subsequent tail check, normalized by the NRM, dTR ≤ 10 per cent (TTA * ), 20 per cent (TTB * ), and dt * , which accommodates the directional dependence of the pTRM tail (Leonhardt et al. 2004b) , dt * ≤ 9 per cent (TTA * ), dt * ≤ 99 per cent (TTB * ).
Palaeointensities were calculated from the best-fitting slope within the Arai plot. Table 3 lists all succesful palaeointensity results, the statistical parameters and, for later discussion, distinguishes between results that meet TTA * and TTB * selection criteria. In two cases (WEH13-01A, CC38-1) we included the result of a microwave experiment that narrowly failed the pTRM check criteria due to differences in the power absorption within the microwave cavity between the check and original step (e.g. Fig. 5a ). We also include the results from two specimens (MT13A-3 and RP14A-3) that slightly fail the f-criterion, but where the palaeointensities fall into the range of all other succesful results from the same flow. For later discussion we also list all data for which a palaeointensity estimate could be made, but which do not strictly meet the selection criteria and that are thus not included in the site or flow means calculated. We consider each specimen from which an acceptable result has been obtained to yield an independent record of palaeointensity, and so to calculate site and flow mean results we average results from the individual specimens. At WE flow, we observed systematic differences between the palaeointensity estimates from flow-top and flow-centre samples. We list both mean values, as well as an overall mean, calculated as the mid-point of the total range defined by flow-top and flow-centre average palaeointensities with their respective standard deviations, and an uncertainty that encompasses the two extremes, as has been suggested and proven suitable in experimental studies of historical lavas by Biggin et al. (2007a) .
Palaeointensity results
Palaeointensity estimates were obtained from six of the ten lava flows studied: CC, WE, RT, Taranaki Falls (TF), RP and MT. A 844 A. Greve et al. Table 3 . Palaeointensity results by specimen and site means. The uppermost two rows define the TTA * and TTB * criteria sets used. These are based on the TTA and TTB criteria sets of Leonhardt et al. (2004a) , and include modifications suggested by Paterson et al. (2014) . We include (in italics) palaeointensity results that did not meet the selection criteria and were therefore not included in the calculation of site and flow means. Notes. ID corresponds to the specimen ID (Sampling naming convention: XX-zzN-n for cored samples, XXzzH-iiN-n, for hand samples, where XX is the unit, zz is the core-number, N denotes the specimen ID, A being the outermost specimen of a core, another number 'n' was added when individual specimens were subdivided into multiple specimens for microwave experiments). Type: M = microwave palaeointensity, T = thermal palaeointensity. B lab is the laboratory field used. Prot. is the experimental protocol used. Interval is the temperature interval selected from thermal experiments in • C or the minimum and maximum steps selected of the energy applied during microwave experiments in Ws. N, f, β, q, MAD, dCK, dpal, dTR, dt * are statistical parameters calculated following the standardized palaeointensity definitions (Paterson et al. 2014) . MAD is the maximum angular deviation of the pca fit when anchored to the origin. Int is the palaeointensity with one standard deviation uncertainty (σ ). Sel. = selection criteria used. A * = TTA * , B * = TTB * as discussed in the text. Averaging: (N/n) (number of successful specimen-results included in average/total number of experiments carried out). * pTRM or tail check failure associated with inconsistencies in the energy absorbed during microwave treatment. These data were included in flow mean calculations. * * The best overall estimate of the mean palaeointensity for Whangaehu Flow (WE) is calculated as the mid-point of the total range defined by the flow-top and flow-centre average palaeointensities with their respective standard deviations, with an overall uncertainty that encompasses the two extremes.
total of 19 palaeointensity experiments were also conducted on samples from WPA, GR and DC flows despite these flows showing evidence of significant overprinting during demagnetization experiments (Greve et al. 2016) and/or signs of low-temperature alteration during the optical investigations. Other than one experiment on a sample from DC flow, there were no successful palaeointensity results obtained from these three flows and they will not be further discussed. Specimens from sites RT02 and RT03 yield strong overprints and inconsistent palaeointensity results and were excluded from further analysis as well. For the six flows that did yield successful palaeointensity results, 44 out of a total of 88 palaeointensity experiments met either the TTA * or TTB * selection criteria. Representative successful results are displayed in Figs 5(a) -(e), and a rejected result is shown in Fig 5(f) . Some specimens carried minor viscous components that were usually removed during the early demagnetization steps (Fig. 5) . Common reasons for rejection of results were non-linearity of the Arai plot, non-repeatability of in-field steps (pTRM checks) at early demagnetization levels or tail-check failure. Both check failures were often associated with a systematic deviation of the demagnetization trajectory from the origin of the vector component plot (Fig. 5f ). In most cases mineral alteration and associated failure of pTRM checks was accompanied by a change in the slope of the Arai plots and all affected data points were rigorously excluded from the calculation of a palaeointensity (Figs 5c-e) . In all thermal experiments the pTRM checks failed at temperatures above c. 350
• C (Fig. 5d ). Fig. 6 illustrates the variability of individual results compared with the corresponding flow mean. All but two results fall within 20 per cent of the mean and there are no systematic differences between the results from microwave and thermal experiments. At WE flow, results obtained from one site that belongs to the flow top zone D (site WE03) yield a palaeointensity estimate that is 14 per cent lower than the ones obtained from samples from the flow interior zones B and C (sites WE02 and WE04). The number of palaeointensity results that pass the selection criteria is insufficient to draw firm conclusions regarding the effect of differences in the positioning of sampling sites within lava flows. However as a precautionary approach, we provide an error estimate that encompasses both extremes (see Section 4.1) to accommodate potential systematic differences within the palaeointensity dataset. The five RT sites sampled belong to the same eruptive package , however based on the field relations it is unclear whether the sites RT01, RT04 and RT05 belong to flow units of similar age or not (Table 1 , Fig. 1 ) and additionally only un-oriented samples were obtained from RT04 and RT05 so no directional information can be derived. The palaeointensity results from sites RT01, RT04 and RT05 are indistinguishable at the 2σ level, and thus the data have been combined to give one flow average (Tables 3 and 4) .
D I S C U S S I O N
Data quality and success rates
The new flow mean palaeointensities presented here have standard deviations of 5.7 µT or less (Table 4 ). This degree of uncertainty compares well with other palaeointensity studies on Holocene lavas (e.g. Tanaka et al. 1994 Tanaka et al. , 2009 Stanton et al. 2011; Di Chiara et al. 2014) . For TF flow the dispersion could be reduced by applying more stringent selection criteria (TTA * , Fig. 6 , Table 3 ). The palaeointensity results that pass criteria set TTA * fall into the range of the mean calculated for all flows meeting selection criteria TTB * , however with a smaller number of successful data a discrimination against TTB * -type data may result in placing too high confidence on individual results or the removal of useful data (Biggin et al. , 2007a Paterson et al. 2014) . This becomes particularly evident on flows such as WE, RP, TF and MT, where rejected results support the experiments that pass the selection criteria (Table 3) . experiments showed higher success rates than microwave experiments (Fig. 7a) , which we attribute to failure of pTRM checks or zigzagging caused by inconsistencies between the power absorption in the microwave cavity during repeated treatment steps. During future studies, such failure may be mitigated by using protocols that do not require repeated treatment steps, such as the quasiperpendicular method (Biggin et al. 2007b) . IZZI protocols appear to lead to slightly higher success rates and higher quality data than Coe-type protocols (Fig. 7b) . We suggest that the addition of tail checks may enhance oxy-exsolution of the titanium oxides during Coe-type experiments, causing cumulative pTRM check failure at earlier demagnetization levels.
The overall success rates, as well as the quality of the Arai plots, pTRM and tail checks differ with the location through the vertical thickness of the lava flows, and with associated differences in the rock and thermomagnetic properties. In all thermal experiments the pTRM checks failed at temperatures above c. 350
• C, which corresponds to the onset temperature of thermochemical alteration observed in the repeated measurement of χ versus T experiments (Figs 2c and e) . During microwave experiments, the pTRM checks predominantly failed at corresponding demagnetization levels (Figs 5c and e). It is therefore not surprising that the highest overall success rates and the largest number of experiments meeting the more stringent selection criteria TTA * were recorded from samples from zones C and D, where the presence of grains with blocking temperatures ≤350
• C (Table 2 ) allowed demagnetization of a significant proportion of the remanence prior to the onset of thermal alteration. In contrast, experiments on specimens from the flow centre (zone B) did not usually meet the pTRM-check requirements and in some cases the tail checks failed also (Table 3) . Zone D was sampled at RT and WE flows only. Due to the lower blocking temperature and coercivity distribution of samples from this zone, viscous overprints affected a significant proportion of the remanence. This resulted in the rejection of all data from sites RT02 and RT03 and samples from zone D thus yield on average lower success rates than samples from zone C. Microwave (TTA*) M e a n Figure 6 . Distribution of all successful palaeointensity data about the best flow mean palaeointensity, distinguishing between the results that pass the more stringent TTA * (closed symbols) and the less stringent TTB * (open symbols) selection criteria and experiments that were conducted using the thermal (triangles) and microwave methods (circles). Also shown are the limits at which the palaeointensity differs by 10 per cent or 20 per cent of the best flow mean. 51.9 ± 3.5 9/11 8.8 ± 0.9 9.0 ± 0.6 TF 9200 ± 300 or 8800 ± 2800 4.5 − 49.5 3.2 16 38.3 ± 5.7 8/16 7.5 ± 1.3 6.7 ± 1.0 10 500 ± 300 MT >10 500 11 900 ± 2200 8.7 − 60.4 4 10 39.3 ± 4.1 10/17 6.7 ± 0.9 6.8 ± 0.7 RT01 >10 800 <15 000 358.1 − 65.4 3.8 1 32.4 ± 5.1 9/15 5.2 ± 1.0 5.6 ± 0.9
Note. Age (pmag) and Age (ind), palaeomagnetic and independent ages after Greve et al. (2016) . Dec, declination; Inc, inclination; α 95 , semi-angle of cone of 95 per cent confidence in mean direction; N d , total number of samples included in palaeodirection average,; Int, flow mean palaeointensity; N p/ N t , number of successful palaeointensity experiments/total number of experiments; VDM, virtual dipole moment; VADM, virtual axial dipole moment. * CC flow: direction calculated from four site mean directions. WE flow: palaeointensity estimate calculated as the mid-point of the total range defined by the flow-top and flow-centre average palaeointensities with their respective standard deviations, with an overall uncertainty that encompasses the two extremes.
Systematic differences between palaeointensity results obtained from units of the same age, potential sources for data scatter and difficulties during palaeointensity experiments have been described widely and the cause is often due to variations in the rock magnetic behaviour (e.g. Hill & Shaw 2000; Boehnel et al. 2003; Yamamoto et al. 2003; Biggin et al. 2007a; De Groot et al. 2014; Monster et al. 2015) . While the wide sampling campaign presented in this study allows correlation of the rock magnetic results obtained at different flows, the limited number of palaeointensity results that pass the selection criteria makes it difficult to directly link differences between individual palaeointensity results to rock magnetic properties or the positions of samples within flows. The differences observed between flow top and flow centre samples at WE, for instance, are close to the data dispersion observed on all other flows, suggesting that specific rock magnetic contributions often remain undetected. We suggest that at WE flow these differences are linked to variations in the oxy-exsolution state and inherent grain size of the remanence carriers throughout the flow as indicated by the thermomagnetic curves (Fig. 2) . Cooling rate may also be a contributing factor, however experimental studies have shown that it is negligible for remanence carriers that show on average PSD or MD sized properties (Yu 2011; Biggin et al. 2013; Ferk et al. 2014) .
In contrast, the similarity between the behaviour of samples during palaeointensity experiments conducted on sister samples using microwave and thermal methods in this study of samples from Mt Ruapehu flows is remarkable. The compatibility of microwave and thermal palaeointensity studies has been demonstrated sufficiently in the past (e.g. Hill et al. 2002; Stanton et al. 2011) . The fact that the pTRM checks fail at similar levels of demagnetization for both microwave and thermal experiments, suggests that in this case the microwave system was in fact acting as a mini thermal demagnetizer (e.g. Suttie et al. 2010 ).
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A. Greve et al. Percentage of successful experiments versus total number of experiments carried out on samples from different zones within the flows studied using (a) the microwave and thermal palaeointensity methods, (b) IZZI and Coe-type protocols. We also distinguish between experiments that pass the more stringent TTA * and the less stringent TTB * selection criteria and display the total number of experiments that meet either selection criteria as a percentage of the total number of experiments conducted. Excluded are data from Skyline Ridge (GR), Whakapapaiti A (WPA), Delta Corner (DC) flows and sites RT02 and RT03. Zone D is the brecciated flow top, zone C is the blocky interior, zone B is the platey flow centre and zone A is the flow base (Table 2 , Fig. 2a ). Table 4 is a summary of our best flow mean palaeointensities together with the age control and palaeomagnetic directions described by Greve et al. (2016) , and calculated virtual dipole moments (VDMs) and virtual axial dipole moments (VADMs). Figs 8(a)-(c) display the palaeodirectional results of Greve et al. (2016) , and the new palaeointensity data of this study with both their independent radiometric age constraints and their palaeomagnetic age constraints, superimposed on the continuous PSV record from Lake Mavora, Southland, New Zealand (Turner et al. 2015) , and the predictions of two recently published global field models, pfm9k.1b (Nilsson et al. 2014) and SHA.DIF.14k (Pavón-Carrasco et al. 2014) . The Lake Mavora record is the only continuous PSV record from the region published to date. The intensity record is one of relative palaeointensity, and we apply the calibration factor suggested by Turner et al. (2015) , which is based on the earliest absolute intensity recordings from New Zealand. The SHA.DIF.14k model is based exclusively on volcanic and archaeomagnetic data from the GEOMAGIA50v2 database (Donadini et al. 2006; Korhonen et al. 2008) . The pfm9k.1b model, on the other hand is also constrained by sedimentary data. The inclusion of sedimentary data significantly enhances the regional data support but generally also leads to smoother models, mainly due to the large dating uncertainties of sedimentary records (e.g. Nilsson et al. 2014) . For compatibility, the model predictions were calculated at 39.2 • S, 175.54
Comparison with existing datasets and global field models
• E and the Lake Mavora Curve was relocated to the same coordinates using a virtual geocentric dipole (VGP) transformation/inverse transformation process (Noel & Batt 1990 ). In Fig. 8(d) we display the VADMs calculated from the flow mean palaeointensities, in comparison to the global VADM reconstruction of Knudsen et al. (2008) . For a more comprehensive discussion including all palaeomagnetic data from New Zealand the reader is referred to Greve & Turner (2017) .
The new TgVC palaeointensity data show an overall trend from lower to higher palaeointensities through the Holocene. The pre-9 ka lavas, including MT, TF and RT flows yield below average intensities of 39.3 ± 4.1, 38.3 ± 5.7 and 32.4 ± 5.1 µT, respectively, while the younger flows return intensities of 51.9 ± 3.5 µT (RP), 60.8 ± 6.5 µT (WE) and 72.1 ± 4.7 µT (CC).
Significant differences are visible, particularly between 6000 and 3000 yr BP, between the SHA.DIF.14k and pfm9k.1b intensity predictions and the Lake Mavora intensity record (which was not included in the construction of either model). The comparison highlights the challenges involved in reconstructing geomagnetic field variations in the southern hemisphere with models based on the limited palaeomagnetic data available from the region, and emphasizes the importance of including new palaeomagnetic records, such as those reported here, in the next generation of models. Furthermore, improvements of the radiocarbon-based age control of earlier volcanic datasets from New Zealand, which are included in the current models has resulted in revisions of up to 900 yr (Greve & Turner 2017) .
Despite these uncertainties, both models and the Lake Mavora record all describe a similar broad trend from lower to higher palaeointensity through the Holocene, in agreement with our new data. Since the palaeomagnetically refined ages of Greve et al. (2016) were determined by matching only the palaeodirections of each unit, we can here use the intensity data to test the validity of these ages. We note that the highest palaeointensity, that of the CC flow, correlates with the peak intensity of model pfm9k.1b, which supports its young palaeomagnetic age of 300 ± 200 yr BP. When the palaeomagnetic ages of Greve et al. (2016) are adopted (red circles and uncertainty bars on Fig. 8c) , we also note that the new data generally agree with the Lake Mavora record as well as the Figure 8 . Discrete declination (a), inclination (b) and palaeointensity (c) records of this study showing both the independent (black lines) and palaeomagnetic age (red) constraints, superimposed on the continuous sediment record from Lake Mavora (Turner et al. 2015) (grey), and global field models pfm9k.1b (Nilsson et al. 2014 ) (blue) and SHA.DIF.14 K (Pavón-Carrasco et al. 2014 ) (green). The models were calculated at 39.2 • S, 175.54 • E. The Lake Mavora relative palaeointensity record was scaled to historical absolute measurements, as suggested by Turner et al. (2015) , and both directions and intensities were relocated to 39.2 • S, 175.54 • E, using VGP/inverse transformation calculations. (d) VADMs calculated for each flow compared with the global VADM reconstruction of Knudsen et al. (2008) (grey) . All data and model predictions are shown with 95 per cent confidence bounds. geomagnetic field model predictions, particularly if the older possible palaeomagnetic age, of 10 500 ± 300 yr BP is adopted for flow TF.
With the exception of CC flow, the VADMs calculated from our new palaeointensity data fit within or close to the bounds of the global average VADM reconstruction of Knudsen et al. (2008) (Fig. 8d) . The high palaeointensity, and VADM of 12.6 ± 0.8 × 10 22 Am 2 , of CC flow however contrasts markedly with the rapid decrease in the VADM over the past 1500 yr shown in the global reconstruction, and in historical data for the past 400 yr, culminating in the present day value of 7.72 × 10 22 Am 2 (Thébault et al. 2015) . Observational data for the last few centuries (Jackson et al. 2000) , Turner et al.'s (2015) Lake Mavora record and CC's easterly declination and steep inclination (Dec. = 20.8
• , Inc. = −67.4 • ) all suggest anomalously high flux beneath the SW Pacific region over the last few centuries and are thus in support of this palaeointensity estimate.
C O N C L U S I O N S
We report and discuss the results of a detailed palaeointensity study conducted on Holocene lava flows of intermediate composition from the Tongariro Volcanic Centre, New Zealand. The suitability of the samples and their primary remanence for palaeointensity studies was tested using a combination of rock magnetic experiments and mineral-optical investigations. Both thermal Thellier-type and microwave experimental procedures were then employed for the determination of palaeointensities. New palaeointensity estimates were successfully obtained from six of the ten flows studied, with values ranging between 32.4 ± 5.1 and 72.1 ± 4.7 µT.
The new absolute intensity data presented here, together with the palaeodirections of Greve et al. (2016) , will be important to help constrain global field models which currently suffer a paucity of absolute palaeosecular variation data from the southern hemisphere. The data will also aid in the calibration of relative palaeointensity curves obtained from sediments from the region.
The palaeointensities describe a similar overall trend from lower to higher palaeointensities throughout the Holocene to that calculated from global field models pfm9k.1b (Nilsson et al. 2014) and SHA.DIF.14k (Pavón-Carrasco et al. 2014) and that described by global axial dipole moment compilations (Knudsen et al. 2008) for the early Holocene. In the late Holocene, the high palaeointensity estimate of CC flow (300 ± 200 yr BP) supports the development of high magnetic flux beneath the SW Pacific region.
The new data correlate well with the palaeosecular variation swings of the scaled relative palaeointensity curve from the sediments of Lake Mavora, New Zealand (Turner et al. 2015) . This further supports the palaeomagnetic age estimates by Greve et al. (2016) , which were based on correlation of directional data only.
Finally, the detailed sampling allows us to draw conclusions regarding the suitability for palaeointensity studies of samples from different locations within the vertical thickness of lava flows. Significant differences are seen between the rock magnetic properties and behaviour during palaeointensity experiments of samples from different zones within flows. Samples from the platey-fractured flow-centres yield, on average, higher Curie and blocking temperatures and lower coercivities than samples from the flow tops. We suggest that this outcome is related to differences in the oxidation and exsolution states of the titanomagnetites in the samples, in relation to differing cooling times. Success rates and palaeointensity results are related to the location within the vertical thickness of a flow sampled. Highest success rates are found in locations between flow tops and flow centres, where a significant proportion of the magnetic remanence is carried by grains with blocking temperatures between 200
• C and 350 • C; lowest success rates were observed on samples from the flow centres.
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